Comparative theoretical investigation on the isomerization energies of long-chain perfluoroalkanes: A case study with perfluorooctanoic acid congeners by Sierra Rayne & Kaya Forest
Comparative theoretical investigation on the isomerization energies
of long-chain perfluoroalkanes: A case study with perfluorooctanoic
acid congeners.
Sierra Rayne a ∗, Kaya Forest b
Keywords: thermodynamic stability, perfluoroalkanes, perfluorooctanoic acid (PFOA), theoretical study
The gas and solution phase relative thermodynamic stabilities of the 39 linear and branched perfluorooctanoic acid
(PFOA) congeners in both their acid and anionic forms were calculated at various levels of density functional
(B3LYP, wB97XD, and M062X functionals with the 6-311++G(d,p) basis set) and second order Moller-Plesset
perturbation (MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p)) theory using the SMD implicit solvation model.
The B3LYP functional does not accurately model the expected trends in thermodynamic stability of PFOA iso-
mers with linear versus branched perfluoroalkyl chains. Calculations obtained with the M062X and MP2 model
chemistries suggest these theoretical methods may be more appropriate for relative thermodynamic stability studies
on various perfluoroalkyl compounds.
Perfluorinated carboxylic acids (PFCAs; Figure 1) are ubiquitous environmental contaminants that arise from
direct production and use, as well as via the degradation of various perfluoroalkyl precursor materials [1]. Anal-
ogous to their perfluorooctane sulfonic acid (PFOS) analogs, the gas and solution phase relative thermodynamic
stabilities of the 39 PFOA congeners [2] play an important role in assessing whether synthetic conditions for com-
mercial mixtures are under thermodynamic or kinetic control and to allow calculation of various physicochemical
properties [3–5]. In previous work [3, 5, 6], we reported on comparative semiempirical, density functional (DFT),
and second order Moller-Plesset perturbation [MP2] theory studies into the relative thermodynamic stabilities of
the 89 PFOS congeners in their neutral and anionic forms. These prior investigations collectively demonstrated
that the B3LYP functional does not accurately model the relative thermodynamic stabilities of linear versus
branched perfluoroalkyl chains, and that more modern functionals such as M062X [7] or higher-level calculations
are required to estimate the expected thermodynamic behavior of these compounds.
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Figure 1: General structures of the perfluorooctanoic acid and perfluorooctanoate anion congeners.
In the current study, we extend these efforts towards calculating the gas and solution phase relative thermodynamic
stabilities of the 39 linear and branched PFOA congeners. For all isomers, MMFF94 [8–11] molecular mechanics
force field method systematic rotor searches (Avogadro 1.0.1) were conducted to identify the respective lowest
energy conformers that were subsequently subjected to higher level DFT and MP2 calculations. Calculations were
performed using the B3LYP [12–14], wB97XD [15], and M062X [7] functionals with the 6-311++G(d,p) [16, 17]
basis set and at the MP2 [18–20] (MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p)) level of theory using Gaussian
09 [21]. The SMD [22] implicit solvation model was used for solvent calculations because of its performance in
∗Corresponding author: Tel/Fax: 1.250.487.0166 Email: rayne.sierra@gmail.com. a Ecologica Research, 301-1965 Pandosy Street,
Kelowna, British Columbia, Canada, V1Y 1R9. b Department of Chemistry, Okanagan College, 583 Duncan Ave West, Penticton,
British Columbia, Canada, V2A 8E1.
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modeling the solution phase behavior of perfluorinated compounds [23–25]. All final geometries obtained are true
minima without imaginary frequencies, and all free energies include both thermal and zero-point corrections. The
Supporting Information file contains molecular energies for each compound at all levels of theory in the three
phases considered, in addition to the relative Gibbs free energies/molecular energies and corresponding relative
thermodynamic stability rankings.
Significant differences were found between the B3LYP/6-311++G(d,p), wB97XD/6-311++G(d,p), M062X/6-
311++G(d,p), and MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p) predictions for the gas phase relative ther-
modynamic stabilities of the acid form PFOA congeners (Figure 2). Taking the MP2/6-311++G(d,p)//B3LYP/6-
311++G(d,p) results as the comparative datum, we find reasonable agreement between the M062X/6-311++G(d,p)
and MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p) findings in terms of both the quantitative relative energies
and qualitative rank orders (Tables 1 and 2; Figure 3), similar to our prior work on the 89 PFOS congeners [6]
and consistent with the known excellent performance of the M062X functional for estimating isomerization ener-
gies [26–30]. The wB97XD functional with long range and empirical dispersion corrections performs approximately
midway between the M062X and B3LYP functionals. Small differences were found in the ∆∆G◦(g) and relative
thermodynamic stability rankings upon aqueous and n-octanol solvation of the acid (Table 3 and Figure 4) and
anionic (Table 4 and Figure 5) forms at the M062X/6-311++G(d,p) level of theory. Collectively, the findings
suggest reported [33] thermodynamic stabilities of the 39 PFOA congeners using the B3LYP functional are in
significant error, and that more modern functionals and/or higher level approaches are required to accurately
model the thermodynamic properties of these compounds using theoretical methods.
Table 1. Summary statistical differences between the gas phase standard state relative Gibbs free energies
(∆∆G◦(g); for DFT calculations) and energies (∆∆E
◦
(g); for MP2 single point calculations) and the corresponding
relative thermodynamic stability rankings for the 39 perfluorooctanoic acid congeners at various levels of theory.
Values are in kJ/mol for ∆∆G◦(g) and ∆∆E
◦
(g). MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p) ∆∆E
◦
(g) and
thermodynamic stability rank values were taken as the comparative datum.
∆∆G◦(g) / ∆∆E
◦
(g) Thermodynamic stability rank
Level of theory MSDa MADb RMSDc MSD MAD RMSD
MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p) - - - - - -
M062X/6-311++G(d,p) -6.4 9.7 12.0 0.0 2.4 3.7
wB97XD/6-311++G(d,p) -12.9 14.5 18.1 0.0 3.6 5.2
B3LYP/6-311++G(d,p) -20.9 23.8 29.7 0.0 6.3 8.5
a mean signed deviation. b mean absolute deviation. c root mean squared deviation.
Table 2. Correlations for all pairs of data series between the gas phase standard state relative Gibbs free energies
(∆∆G◦(g); for DFT calculations) and energies (∆∆E
◦
(g); for MP2 single point calculations) for the 39 perfluorooc-
tanoic acid congeners at various levels of theory.
pair Pearson r Spearman rho Kendall tau
B3LYP-wB97XD 0.943 0.931 0.800
B3LYP-M062X 0.784 0.724 0.559
B3LYP-MP2 0.769 0.717 0.559
wB97XD-M062X 0.926 0.893 0.743
wB97XD-MP2 0.936 0.895 0.754
M062X-MP2 0.954 0.946 0.854
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Figure 2: Congener specific gas phase relative Gibbs free energies (∆∆G◦(g); for DFT calculations) and energies
(∆∆E◦(g); for MP2 single point calculations) for the 39 perfluoorooctanoic acid congeners at various levels of
theory.
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Figure 3: Kendall tau correlation matrices [31, 32] for gas phase standard state relative Gibbs free energies
(∆∆G◦(g); for DFT calculations) and energies (∆∆E
◦
(g); for MP2 single point calculations) and the corresponding
relative thermodynamic stability rankings for the 39 perfluorooctanoic acid congeners at various levels of theory.
Values are in kJ/mol.
Table 3. Summary statistical differences between the gas, aqueous, and n-octanol phase relative Gibbs free
energies (∆∆G◦) and the corresponding relative thermodynamic stability rankings for the 39 perfluorooctanoic
acid congeners at the M062X/6-311++G(d,p) level of theory. Values are in kJ/mol. Gas phase ∆∆G◦ and
thermodynamic stability rank values were taken as the comparative datum.
∆∆G◦ / ∆∆E◦ Thermodynamic stability rank
Level of theory MSDa MADb RMSDc MSD MAD RMSD
gas - - - - - -
aqueous -1.0 3.1 6.3 0.0 1.3 2.0
n-octanol -2.2 3.0 5.7 0.0 1.2 2.1
a mean signed deviation. b mean absolute deviation. c root mean squared deviation.
Table 4. Summary statistical differences between the gas, aqueous, and n-octanol phase relative Gibbs free
energies (∆∆G◦) and the corresponding relative thermodynamic stability rankings for the 39 perfluorooctanoate
anion congeners at the M062X/6-311++G(d,p) level of theory. Values are in kJ/mol. Gas phase ∆∆G◦ and
thermodynamic stability rank values were taken as the comparative datum.
∆∆G◦ / ∆∆E◦ Thermodynamic stability rank
Level of theory MSDa MADb RMSDc MSD MAD RMSD
gas - - - - - -
aqueous -5.2 9.8 12.2 0.0 3.9 5.2
n-octanol -6.1 8.8 11.1 0.0 3.5 4.6
a mean signed deviation. b mean absolute deviation. c root mean squared deviation.
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Figure 4: Congener specific gas, aqueous, and n-octanol phase standard state relative Gibbs free energies for
the 39 perfluoorooctanoic acid congeners at the M062X/6-311++G(d,p) level of theory with the SMD solvation
model.
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Figure 5: Congener specific gas, aqueous, and n-octanol phase standard state relative Gibbs free energies for the
39 perfluoorooctanoate anion congeners at the M062X/6-311++G(d,p) level of theory with the SMD solvation
model. The gas phase standard state relative Gibbs free energies for the acid forms are also shown for comparison.
6
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
11
.5
52
8.
1 
: P
os
te
d 
9 
Ja
n 
20
11
Acknowledgements
This work was made possible by the facilities of the Western Canada Research Grid (WestGrid:www.westgrid.ca;
project 100185), the Shared Hierarchical Academic Research Computing Network (SHARCNET:www.sharcnet.ca;
project sn4612), and Compute/Calcul Canada.
References
[1] Rayne, S., Forest, K., “Perfluoroalkyl sulfonic and carboxylic acids: A critical review of physicochemical
properties, levels and patterns in waters and waste waters, and treatment methods,” Journal of Environ-
mental Science and Health, Part A: Toxic / Hazardous Substances and Environmental Engineering, 44, 2009,
1145-1199.
[2] Rayne, S., Forest, K., Friesen, K.J., “Congener-specific numbering systems for the environmentally relevant
C1 through C8 perfluorinated homologue groups of alkyl sulfonates, carboxylates, telomer alcohols, olefins,
and acids, and their derivatives,” Journal of Environmental Science and Health, Part A: Toxic / Hazardous
Substances and Environmental Engineering, 43, 2008, 1391-1401.
[3] Rayne, S., Forest, K., Friesen, K.J., “Relative gas-phase free energies for the C3 through C8 linear and
branched perfluorinated sulfonic acids: Implications for kinetic versus thermodynamic control during syn-
thesis of technical mixtures and predicting congener profile inputs to environmental systems,” Journal of
Molecular Structure: THEOCHEM, 869, 2008, 81-82.
[4] Rayne, S., Forest, K., “Comment on ‘Ab initio study of the structural, electronic, and thermodynamic
properties of linear perfluorooctane sulfonate (PFOS) and its branched isomers’,” Chemosphere 77, 2009,
1455-1456.
[5] Rayne, S., Forest, K., “Comparative semiempirical, ab initio, and density functional theory study on the
thermodynamic properties of linear and branched perfluoroalkyl sulfonic acids/sulfonyl fluorides, perfluo-
roalkyl carboxylic acid/acyl fluorides, and perhydroalkyl sulfonic acids, alkanes, and alcohols,” Journal of
Molecular Structure: THEOCHEM, 941, 2010, 107-118.
[6] Rayne, S., Forest, K., “Comparative theoretical investigation on the isomerization energies of long-
chain perfluoroalkanes: A case study with perfluorooctane sulfonic acid congeners,” Nature Precedings,
doi:10.1038/npre.2010.5353.1.
[7] Zhao, Y., Truhlar, D.G., “The M06 suite of density functionals for main group thermochemistry, thermo-
chemical kinetics, noncovalent interactions, excited states, and transition elements: Two new functionals and
systematic testing of four M06-class functionals and 12 other functionals,” Theoretical Chemistry Accounts,
120, 2008, 215-241.
[8] Halgren, T.A., “Merck molecular force field. I. Basis, form, scope, parameterization, and performance of
MMFF94,” Journal of Computational Chemistry, 17, 1996, 490-519.
[9] Halgren, T.A., “Merck molecular force field. III. Molecular geometries and vibrational frequencies for
MMFF94,” Journal of Computational Chemistry, 17, 1996, 553-586.
[10] Halgren, T.A., Nachbar, R.B., “Merck molecular force field. IV. conformational energies and geometries for
MMFF94,” Journal of Computational Chemistry, 17, 1996, 587-615.
[11] Halgren, T.A., “MMFF VII. Characterization of MMFF94, MMFF94s, and other widely available force
fields for conformational energies and for intermolecular-interaction energies and geometries,” Journal of
Computational Chemistry, 20, 1999, 730-748.
[12] Becke, A.D., “Density-functional thermochemistry. III. The role of exact exchange,” Journal of Chemical
Physics, 98, 1993, 5648-5652.
7
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
11
.5
52
8.
1 
: P
os
te
d 
9 
Ja
n 
20
11
[13] Lee, C., Yang, W., Parr, R.G., “Development of the Colle-Salvetti correlation-energy formula into a functional
of the electron density,” Physical Review B, 37, 1988, 785-789.
[14] Miehlich, B., Savin, A., Stoll, H., Preuss, H., “Results obtained with the correlation-energy density function-
als of Becke and Lee, Yang and Parr,” Chemical Physics Letters, 157, 1989, 200-206.
[15] Chai,J.D., Head-Gordon, M., “Long-range corrected hybrid density functionals with damped atom-atom
dispersion corrections, Physical Chemistry Chemical Physics, 10, 2008, 6615-6620.
[16] Raghavachari, K., Binkley, J.S., Seeger, R., Pople, J.A., “Self-consistent molecular orbital methods. 20. Basis
set for correlated wave-functions,” Journal of Chemical Physics, 72, 1980, 650-654.
[17] McLean, A.D., Chandler, G.S., “Contracted Gaussian-basis sets for molecular calculations. 1. 2nd row atoms,
Z=11-18,” Journal of Chemical Physics, 72, 1980, 5639-5648.
[18] Head-Gordon, M., Pople, J.A., Frisch, M.J., “MP2 energy evaluation by direct methods,” Chemical Physics
Letters, 153, 1988, 503-506.
[19] Frisch, M.J., Head-Gordon, M., Pople, J.A., “Direct MP2 gradient method,” Chemical Physics Letters, 166,
1990, 275-280.
[20] Frisch, M.J., Head-Gordon, M., Pople, J.A., “Semi-direct algorithms for the MP2 energy and gradient,”
Chemical Physics Letters, 166, 1990, 281-289.
[21] Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A., Cheeseman, J.R., Scalmani, G.,
Barone, V., Mennucci, B., Petersson, G.A., Nakatsuji, H., Caricato, M., Li, X., Hratchian, H.P., Izmaylov,
A.F., Bloino, J., Zheng, G., Sonnenberg, J.L., Hada, M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J.,
Ishida, M., Nakajima, T., Honda, Y., Kitao, O., Nakai, H., Vreven, T., Montgomery, Jr., J.A., Peralta, J.E.,
Ogliaro, F., Bearpark, M., Heyd, J.J., Brothers, E., Kudin, K.N., Staroverov, V.N., Kobayashi, R., Normand,
J., Raghavachari, K., Rendell, A., Burant, J.C., Iyengar, S.S., Tomasi, J., Cossi, M., Rega, N., Millam, N.J.,
Klene, M., Knox, J.E., Cross, J.B., Bakken, V., Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R.E.,
Yazyev, O., Austin, A.J., Cammi, R., Pomelli, C., Ochterski, J.W., Martin, R.L., Morokuma, K., Zakrzewski,
V.G., Voth, G.A., Salvador, P., Dannenberg, J.J., Dapprich, S., Daniels, A.D., Farkas, O., Foresman, J.B.,
Ortiz, J.V., Cioslowski, J., Fox, D.J., Gaussian 09, Revision A.02, Gaussian, Inc., Wallingford, CT, USA,
2009.
[22] Marenich, A.V., Cramer, C.J., Truhlar, D.G., “Universal solvation model based on solute electron density
and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions,”
Journal of Physical Chemistry B, 113, 2009, 6378-6396.
[23] Rayne, S., Forest, K., “Theoretical studies on the pKa values of perfluoroalkyl carboxylic acids,” Journal of
Molecular Structure: THEOCHEM, 949, 2010, 60-69.
[24] Rayne, S., Forest, K., “Octanol/water distribution coefficients of the C1 through C7 perfluoro-n-alkyl
sulfonates: Comparison of the IEFPCM-UFF, CPCM, and SMD solvation models,” Nature Precedings,
doi:10.1038/npre.2010.5103.1.
[25] Rayne, S., Forest, K., “Accuracy of computational solvation free energies for neutral and ionic compounds:
Dependence on level of theory and solvent model,” Nature Precedings, doi:10.1038/npre.2010.4864.1.
[26] Zhao, Y., Truhlar, D.G., “A density functional that accounts for medium-range correlation energies in organic
chemistry,” Organic Letters, 8, 2006, 5753-5755.
[27] Rayne, S., Forest, K., “Gas phase isomerization enthalpies of organic compounds: A semiempirical, den-
sity functional theory, and ab initio post-Hartree-Fock theoretical study,” Journal of Molecular Structure:
THEOCHEM, 948, 2010, 102-107.
8
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
11
.5
52
8.
1 
: P
os
te
d 
9 
Ja
n 
20
11
[28] Rayne, S., Forest, K., “Performance of the major semiempirical, ab initio, and density functional theory
methods in evaluating isomerization enthalpies for linear to branched heptanes,” Nature Precedings, 2010,
doi:10.1038/npre.2010.4865.1.
[29] Rayne, S., Forest, K., “Performance of the M062X density functional against the ISOL set of benchmark
isomerization energies for large organic molecules,” Nature Precedings, 2010, doi:10.1038/ npre.2010.5183.1.
[30] Zhao, Y., Truhlar, D.G., “Applications and validations of the Minnesota density functionals,” Chemical
Physics Letters, in press, doi:10.1016/j.cplett.2010.11.060.
[31] Wessa, P. Multivariate Correlation Matrix (v1.0.4) in Free Statistics Software (v1.1.23-r6), Office for Re-
search Development and Education, 2008, http://www.wessa.net/rwasp_pairs.wasp/.
[32] Becker, R.A., Chambers, J.M., Wilks, A.R. The New S Language, Wadsworth and Brooks/Cole: New York,
NY, USA, 1988.
[33] Hidalgo-Puertas, A., Montero-Campillo, M.M., Mora-Diez, N., “The thermodynamic stability of neutral and
anionic PFOA and PFOS: A gas phase, n-octanol and water study,” Poster presentation at the XXXVI
Conference of Theoretical Chemists of Latin Expression (CHITEL 2010), Anglet, France, 19-24 September
2010.
9
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
11
.5
52
8.
1 
: P
os
te
d 
9 
Ja
n 
20
11
Supporting Information
Comparative theoretical investigation on the isomerization energies of long-chain 
perfluoroalkanes: A case study with perfluorooctanoic acid congeners
Sierra Rayne*,‡ and Kaya Forest†
Ecologica Research, Kelowna, British Columbia, Canada V1Y 1R9; Department of 
Chemistry, Okanagan College, Penticton, British Columbia, Canada V2A 8E1
* Corresponding author. E-mail: rayne.sierra@gmail.com.
‡ Ecologica Research.
† Okanagan College.
S1
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
11
.5
52
8.
1 
: P
os
te
d 
9 
Ja
n 
20
11
Table S1. Gas phase (298.15 K, 1 atm) Gibbs free energies (G°(g); for DFT calculations) and energies (E°(g); for MP2 single point calculations) for the 39 perfluoroctanoic acid 
congeners at various levels of theory. Values are in hartrees.
Substitution ID B3LYP/6-311++G(d,p) wB97XD/6-311++G(d,p) M062X/6-311++G(d,p)
MP2/6-311++G(d,p)//
B3LYP/6-311++G(d,p)
1,1'-diethylpropyl 1 -1954.035564 -1953.500129 -1953.451026 -1949.937590
1-ethyl-1',2-dimethylpropyl 2 -1954.038388 -1953.504905 -1953.455560 -1949.943337
1-ethyl-2,2'-dimethylpropyl 3 -1954.037439 -1953.502826 -1953.452334 -1949.942084
1-isopropyl-2-methylpropyl 4 -1954.029798 -1953.493996 -1953.442049 -1949.927680
1,1',2,2'-tetramethylpropyl 5 -1954.038963 -1953.510002 -1953.464486 -1949.953546
1-ethyl-1'-methylbutyl 6 -1954.042803 -1953.507467 -1953.452176 -1949.944469
1-ethyl-2-methylbutyl 7 -1954.025757 -1953.487907 -1953.435232 -1949.919236
1-ethyl-3-methylbutyl 8 -1954.035006 -1953.497185 -1953.442822 -1949.928477
2-ethyl-1-methylbutyl 9 -1954.033152 -1953.495341 -1953.428562 -1949.927189
2-ethyl-2'-methylbutyl 10 -1954.030377 -1953.495732 -1953.445575 -1949.931133
2-ethyl-3-methylbutyl 11 -1954.020053 -1953.482261 -1953.431414 -1949.913765
1,1',2-trimethylbutyl 12 -1954.036615 -1953.503325 -1953.455301 -1949.942735
1,1',3-trimethylbutyl 13 -1954.051579 -1953.517507 -1953.466746 -1949.955097
1,2,2'-trimethylbutyl 14 -1954.033968 -1953.501424 -1953.452583 -1949.941038
1,2,3-trimethylbutyl 15 -1954.019871 -1953.484333 -1953.433936 -1949.917895
1,3,3'-trimethylbutyl 16 -1954.052416 -1953.518209 -1953.467915 -1949.955988
2,2',3-trimethylbutyl 17 -1954.026974 -1953.493962 -1953.446417 -1949.931795
2,3,3'-trimethylbutyl 18 -1954.026311 -1953.493464 -1953.445026 -1949.930750
1-isopropylbutyl 19 -1954.041537 -1953.502949 -1953.448670 -1949.933499
1-propylbutyl 20 -1954.021446 -1953.481000 -1953.425210 -1949.908357
1-ethylpentyl 21 -1954.038055 -1953.495671 -1953.429832 -1949.923532
2-ethylpentyl 22 -1954.021920 -1953.482340 -1953.428525 -1949.911050
3-ethylpentyl 23 -1954.029590 -1953.488870 -1953.434537 -1949.918231
1,1'-dimethylpentyl 24 -1954.042272 -1953.505383 -1953.453923 -1949.941419
1,2-dimethylpentyl 25 -1954.036120 -1953.498227 -1953.441075 -1949.929942
1,3-dimethylpentyl 26 -1954.031190 -1953.491322 -1953.435775 -1949.922976
1,4-dimethylpentyl 27 -1954.028009 -1953.489741 -1953.436523 -1949.921257
2,2'-dimethylpentyl 28 -1954.031857 -1953.496578 -1953.447222 -1949.933464
2,3-dimethylpentyl 29 -1954.016185 -1953.478925 -1953.428929 -1949.909429
2,4-dimethylpentyl 30 -1954.014676 -1953.476355 -1953.425196 -1949.907140
3,3'-dimethylpentyl 31 -1954.029981 -1953.494686 -1953.444547 -1949.930894
3,4-dimethylpentyl 32 -1954.020773 -1953.483320 -1953.431513 -1949.915495
4,4'-dimethylpentyl 33 -1954.048505 -1953.511003 -1953.459435 -1949.943969
1-methylhexyl 34 -1954.048358 -1953.506343 -1953.450191 -1949.932014
2-methylhexyl 35 -1954.039622 -1953.498022 -1953.443265 -1949.924574
3-methylhexyl 36 -1954.038063 -1953.497001 -1953.442449 -1949.923472
4-methylhexyl 37 -1954.038072 -1953.496982 -1953.442154 -1949.923427
5-methylhexyl 38 -1954.042237 -1953.500333 -1953.445408 -1949.926156
n-heptyl 39 -1954.042809 -1953.498532 -1953.441764 -1949.920598
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Table S2. Aqueous and n-octanol phase standard state Gibbs free energies (G°) for 
the 39 perfluoroctanoic acid congeners at the M062X/6-311++G(d,p) level of theory 
with the SMD solvation model. Values are in hartrees.
Substitution ID aqueous n-octanol
1,1'-diethylpropyl 1 -1953.452458 -1953.459094
1-ethyl-1',2-dimethylpropyl 2 -1953.456188 -1953.462927
1-ethyl-2,2'-dimethylpropyl 3 -1953.451442 -1953.458164
1-isopropyl-2-methylpropyl 4 -1953.443080 -1953.449510
1,1',2,2'-tetramethylpropyl 5 -1953.455895 -1953.472163
1-ethyl-1'-methylbutyl 6 -1953.453255 -1953.460068
1-ethyl-2-methylbutyl 7 -1953.435813 -1953.438992
1-ethyl-3-methylbutyl 8 -1953.442883 -1953.450109
2-ethyl-1-methylbutyl 9 -1953.436280 -1953.444147
2-ethyl-2'-methylbutyl 10 -1953.446712 -1953.452681
2-ethyl-3-methylbutyl 11 -1953.432716 -1953.438533
1,1',2-trimethylbutyl 12 -1953.455433 -1953.462161
1,1',3-trimethylbutyl 13 -1953.467106 -1953.473918
1,2,2'-trimethylbutyl 14 -1953.452625 -1953.459406
1,2,3-trimethylbutyl 15 -1953.434078 -1953.440559
1,3,3'-trimethylbutyl 16 -1953.468539 -1953.474808
2,2',3-trimethylbutyl 17 -1953.447354 -1953.453542
2,3,3'-trimethylbutyl 18 -1953.445501 -1953.451950
1-isopropylbutyl 19 -1953.449332 -1953.456328
1-propylbutyl 20 -1953.429265 -1953.435808
1-ethylpentyl 21 -1953.438337 -1953.444654
2-ethylpentyl 22 -1953.429422 -1953.436757
3-ethylpentyl 23 -1953.434863 -1953.441312
1,1'-dimethylpentyl 24 -1953.455459 -1953.461780
1,2-dimethylpentyl 25 -1953.442045 -1953.448912
1,3-dimethylpentyl 26 -1953.437816 -1953.443121
1,4-dimethylpentyl 27 -1953.438561 -1953.444588
2,2'-dimethylpentyl 28 -1953.447497 -1953.454420
2,3-dimethylpentyl 29 -1953.428711 -1953.434885
2,4-dimethylpentyl 30 -1953.425660 -1953.433366
3,3'-dimethylpentyl 31 -1953.445423 -1953.452045
3,4-dimethylpentyl 32 -1953.433432 -1953.440081
4,4'-dimethylpentyl 33 -1953.460670 -1953.466087
1-methylhexyl 34 -1953.450672 -1953.457788
2-methylhexyl 35 -1953.443321 -1953.450934
3-methylhexyl 36 -1953.443459 -1953.449427
4-methylhexyl 37 -1953.443721 -1953.450180
5-methylhexyl 38 -1953.446523 -1953.452573
n-heptyl 39 -1953.443062 -1953.449753
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Table S3. Gas, aqueous, and n-octanol phase standard state Gibbs free energies (G°) 
for the 39 perfluoroctanoate anion congeners at the M062X/6-311++G(d,p) level of 
theory with the SMD solvation model. Values are in hartrees.
Substitution ID gas aqueous n-octanol
1,1'-diethylpropyl 1 -1952.961971 -1953.033164 -1953.030825
1-ethyl-1',2-dimethylpropyl 2 -1952.965431 -1953.036807 -1953.034463
1-ethyl-2,2'-dimethylpropyl 3 -1952.965893 -1953.031657 -1953.031713
1-isopropyl-2-methylpropyl 4 -1952.954984 -1953.023937 -1953.021488
1,1',2,2'-tetramethylpropyl 5 -1952.961108 -1953.032255 -1953.030258
1-ethyl-1'-methylbutyl 6 -1952.971028 -1953.034743 -1953.033559
1-ethyl-2-methylbutyl 7 -1952.947399 -1953.016015 -1953.013409
1-ethyl-3-methylbutyl 8 -1952.953732 -1953.023452 -1953.020418
2-ethyl-1-methylbutyl 9 -1952.946140 -1953.015552 -1953.012846
2-ethyl-2'-methylbutyl 10 -1952.950884 -1953.025214 -1953.021090
2-ethyl-3-methylbutyl 11 -1952.941776 -1953.012039 -1953.009501
1,1',2-trimethylbutyl 12 -1952.964995 -1953.036348 -1953.034318
1,1',3-trimethylbutyl 13 -1952.978500 -1953.046790 -1953.042768
1,2,2'-trimethylbutyl 14 -1952.962534 -1953.032923 -1953.029473
1,2,3-trimethylbutyl 15 -1952.942223 -1953.012920 -1953.009952
1,3,3'-trimethylbutyl 16 -1952.974723 -1953.047223 -1953.044184
2,2',3-trimethylbutyl 17 -1952.951207 -1953.025116 -1953.020774
2,3,3'-trimethylbutyl 18 -1952.953274 -1953.023583 -1953.020178
1-isopropylbutyl 19 -1952.946146 -1953.013460 -1953.011161
1-propylbutyl 20 -1952.941866 -1953.008096 -1953.006000
1-ethylpentyl 21 -1952.948740 -1953.013530 -1953.011898
2-ethylpentyl 22 -1952.937242 -1953.007219 -1953.003896
3-ethylpentyl 23 -1952.937045 -1953.013822 -1953.010469
1,1'-dimethylpentyl 24 -1952.969653 -1953.035520 -1953.033237
1,2-dimethylpentyl 25 -1952.955503 -1953.022967 -1953.020645
1,3-dimethylpentyl 26 -1952.945994 -1953.017936 -1953.014763
1,4-dimethylpentyl 27 -1952.951741 -1953.016643 -1953.013036
2,2'-dimethylpentyl 28 -1952.958619 -1953.026882 -1953.024026
2,3-dimethylpentyl 29 -1952.940987 -1953.009537 -1953.006381
2,4-dimethylpentyl 30 -1952.947477 -1953.006811 -1953.009677
3,3'-dimethylpentyl 31 -1952.948907 -1953.022910 -1953.019039
3,4-dimethylpentyl 32 -1952.935543 -1953.010720 -1953.007444
4,4'-dimethylpentyl 33 -1952.960962 -1953.037423 -1953.033413
1-methylhexyl 34 -1952.956792 -1953.030792 -1953.028311
2-methylhexyl 35 -1952.945060 -1953.021757 -1953.018075
3-methylhexyl 36 -1952.943254 -1953.019669 -1953.016100
4-methylhexyl 37 -1952.943762 -1953.020403 -1953.017083
5-methylhexyl 38 -1952.946628 -1953.023846 -1953.021301
n-heptyl 39 -1952.943113 -1953.020459 -1953.017550
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Table S4. Gas, aqueous, and n-octanol phase standard state relative Gibbs free energies (ΔΔfG°; for DFT calculations) and energies (ΔΔfE°; for MP2 single point calculations) for 
the 39 perfluoroctanoic acid congeners at various levels of theory. Values are in kJ/mol.
molecular acid dissociated anion
gas aqueous n-octanol gas aqueous n-octanol
Substitution ID
B3LYP/
6-311++G(d,p)
wB97XD/
6-311++G(d,p)
M062X/
6-311++G(d,p)
MP2/
6-311++G(d,p)//
B3LYP/
6-311++G(d,p)
M062X/
6-311++G(d,p)
M062X/
6-311++G(d,p)
M062X/
6-311++G(d,p)
M062X/
6-311++G(d,p)
M062X/
6-311++G(d,p)
1,1'-diethylpropyl 1 44.2 47.5 44.3 48.3 42.2 41.3 43.4 36.9 35.1
1-ethyl-1',2-dimethylpropyl 2 36.8 34.9 32.4 33.2 32.4 31.2 34.3 27.3 25.5
1-ethyl-2,2'-dimethylpropyl 3 39.3 40.4 40.9 36.5 44.9 43.7 33.1 40.9 32.7
1-isopropyl-2-methylpropyl 4 59.4 63.6 67.9 74.3 66.8 66.4 61.7 61.1 59.6
1,1',2,2'-tetramethylpropyl 5 35.3 21.5 9.0 6.4 33.2 6.9 45.7 39.3 36.6
1-ethyl-1'-methylbutyl 6 25.2 28.2 41.3 30.2 40.1 38.7 19.6 32.8 27.9
1-ethyl-2-methylbutyl 7 70.0 79.6 85.8 96.5 85.9 94.0 81.7 81.9 80.8
1-ethyl-3-methylbutyl 8 45.7 55.2 65.9 72.2 67.4 64.8 65.0 62.4 62.4
2-ethyl-1-methylbutyl 9 50.6 60.0 103.3 75.6 84.7 80.5 85.0 83.2 82.3
2-ethyl-2'-methylbutyl 10 57.9 59.0 58.7 65.3 57.3 58.1 72.5 57.8 60.6
2-ethyl-3-methylbutyl 11 85.0 94.4 95.8 110.9 94.1 95.2 96.4 92.4 91.1
1,1',2-trimethylbutyl 12 41.5 39.1 33.1 34.8 34.4 33.2 35.5 28.6 25.9
1,1',3-trimethylbutyl 13 2.2 1.8 3.1 2.3 3.8 2.3 0.0 1.1 3.7
1,2,2'-trimethylbutyl 14 48.4 44.1 40.3 39.3 41.8 40.4 41.9 37.5 38.6
1,2,3-trimethylbutyl 15 85.4 88.9 89.2 100.0 90.5 89.9 95.2 90.1 89.9
1,3,3'-trimethylbutyl 16 0.0 0.0 0.0 0.0 0.0 0.0 9.9 0.0 0.0
2,2',3-trimethylbutyl 17 66.8 63.7 56.4 63.5 55.6 55.8 71.7 58.0 61.5
2,3,3'-trimethylbutyl 18 68.5 65.0 60.1 66.3 60.5 60.0 66.2 62.1 63.0
1-isopropylbutyl 19 28.6 40.1 50.5 59.0 50.4 48.5 84.9 88.6 86.7
1-propylbutyl 20 81.3 97.7 112.1 125.1 103.1 102.4 96.2 102.7 100.3
1-ethylpentyl 21 37.7 59.2 100.0 85.2 79.3 79.2 78.1 88.5 84.8
2-ethylpentyl 22 80.1 94.2 103.4 118.0 102.7 99.9 108.3 105.0 105.8
3-ethylpentyl 23 59.9 77.0 87.6 99.1 88.4 87.9 108.8 87.7 88.5
1,1'-dimethylpentyl 24 26.6 33.7 36.7 38.3 34.3 34.2 23.2 30.7 28.7
1,2-dimethylpentyl 25 42.8 52.5 70.5 68.4 69.6 68.0 60.4 63.7 61.8
1,3-dimethylpentyl 26 55.7 70.6 84.4 86.7 80.7 83.2 85.3 76.9 77.2
1,4-dimethylpentyl 27 64.1 74.7 82.4 91.2 78.7 79.3 70.3 80.3 81.8
2,2'-dimethylpentyl 28 54.0 56.8 54.3 59.1 55.2 53.5 52.2 53.4 52.9
2,3-dimethylpentyl 29 95.1 103.1 102.4 122.2 104.6 104.8 98.5 98.9 99.3
2,4-dimethylpentyl 30 99.1 109.9 112.2 128.3 112.6 108.8 81.5 106.1 90.6
3,3'-dimethylpentyl 31 58.9 61.8 61.4 65.9 60.7 59.8 77.7 63.8 66.0
3,4-dimethylpentyl 32 83.1 91.6 95.6 106.3 92.2 91.2 112.8 95.8 96.5
4,4'-dimethylpentyl 33 10.3 18.9 22.3 31.6 20.7 22.9 46.0 25.7 28.3
1-methylhexyl 34 10.7 31.2 46.5 62.9 46.9 44.7 57.0 43.1 41.7
2-methylhexyl 35 33.6 53.0 64.7 82.5 66.2 62.7 87.8 66.9 68.5
3-methylhexyl 36 37.7 55.7 66.9 85.4 65.8 66.6 92.5 72.3 73.7
4-methylhexyl 37 37.7 55.7 67.6 85.5 65.2 64.7 91.2 70.4 71.2
5-methylhexyl 38 26.7 46.9 59.1 78.3 57.8 58.4 83.7 61.4 60.1
n-heptyl 39 25.2 51.7 68.7 92.9 66.9 65.8 92.9 70.3 69.9
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Table S5. Gas, aqueous, and n-octanol phase standard state relative thermodynamic stability rankings for the 39 perfluoroctanoic acid congeners at various levels of theory.
molecular acid dissociated anion
gas aqueous n-octanol gas aqueous n-octanol
Substitution ID
B3LYP/
6-311++G(d,p)
wB97XD/
6-311++G(d,p)
M062X/
6-311++G(d,p)
MP2/
6-311++G(d,p)//
B3LYP/
6-311++G(d,p)
M062X/
6-311++G(d,p)
M062X/
6-311++G(d,p)
M062X/
6-311++G(d,p)
M062X/
6-311++G(d,p)
M062X/
6-311++G(d,p)
1,1'-diethylpropyl 1 19 14 11 11 10 10 9 8 9
1-ethyl-1',2-dimethylpropyl 2 12 8 5 6 4 5 6 4 3
1-ethyl-2,2'-dimethylpropyl 3 16 11 9 8 11 11 5 11 8
1-isopropyl-2-methylpropyl 4 27 26 24 21 23 24 15 16 14
1,1',2,2'-tetramethylpropyl 5 11 4 3 3 5 3 10 10 10
1-ethyl-1'-methylbutyl 6 6 5 10 4 8 8 3 7 5
1-ethyl-2-methylbutyl 7 32 32 29 31 31 34 24 28 27
1-ethyl-3-methylbutyl 8 20 18 21 20 25 22 16 19 19
2-ethyl-1-methylbutyl 9 22 24 36 22 30 29 27 29 29
2-ethyl-2'-methylbutyl 10 25 22 16 16 16 16 20 14 16
2-ethyl-3-methylbutyl 11 36 36 33 35 35 35 35 34 35
1,1',2-trimethylbutyl 12 17 9 6 7 7 6 7 5 4
1,1',3-trimethylbutyl 13 2 2 2 2 2 2 1 2 2
1,2,2'-trimethylbutyl 14 21 12 8 10 9 9 8 9 11
1,2,3-trimethylbutyl 15 37 33 31 33 33 32 33 33 33
1,3,3'-trimethylbutyl 16 1 1 1 1 1 1 2 1 1
2,2',3-trimethylbutyl 17 30 27 15 15 15 15 19 15 17
2,3,3'-trimethylbutyl 18 31 28 18 18 18 19 17 18 20
1-isopropylbutyl 19 9 10 13 12 13 13 26 32 31
1-propylbutyl 20 34 37 38 38 37 37 34 37 38
1-ethylpentyl 21 15 23 34 25 28 27 22 31 30
2-ethylpentyl 22 33 35 37 36 36 36 37 38 39
3-ethylpentyl 23 28 31 30 32 32 31 38 30 32
1,1'-dimethylpentyl 24 7 7 7 9 6 7 4 6 7
1,2-dimethylpentyl 25 18 16 26 19 26 26 14 20 18
1,3-dimethylpentyl 26 24 29 28 28 29 30 28 26 26
1,4-dimethylpentyl 27 29 30 27 29 27 28 18 27 28
2,2'-dimethylpentyl 28 23 21 14 13 14 14 12 13 13
2,3-dimethylpentyl 29 38 38 35 37 38 38 36 36 37
2,4-dimethylpentyl 30 39 39 39 39 39 39 23 39 34
3,3'-dimethylpentyl 31 26 25 19 17 19 18 21 21 21
3,4-dimethylpentyl 32 35 34 32 34 34 33 39 35 36
4,4'-dimethylpentyl 33 3 3 4 5 3 4 11 3 6
1-methylhexyl 34 4 6 12 14 12 12 13 12 12
2-methylhexyl 35 10 17 20 24 22 20 29 22 22
3-methylhexyl 36 14 19 22 26 21 25 31 25 25
4-methylhexyl 37 13 20 23 27 20 21 30 24 24
5-methylhexyl 38 8 13 17 23 17 17 25 17 15
n-heptyl 39 5 15 25 30 24 23 32 23 23
END OF SUPPORTING INFORMATION
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